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Regulation of Postsynaptic Structure
and Protein Localization by the Rho-Type
Guanine Nucleotide Exchange Factor dPix
mammalian CNS synapses. We previously devised a
noninvasive method toward imaging synaptic growth
using a green fluorescent protein (GFP) chimeric protein
marker that is transgenically expressed in muscle and
that localizes specifically to the PSD (Zito et al., 1999).
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University of California, Berkeley Using this GFP marker, we conducted a large-scale mu-
tant screen in search of genes that control synapseBerkeley, California 94720
formation, synaptic structure, and synaptic growth (H.
Aberle and D.P., our unpublished data). Genes were
uncovered that control important aspects of all threeSummary
phenotypic categories. Here we report on the dpix
(rtGEF) gene (Werner and Manseau, 1997), which weMutations in dpix were recovered from a large-scale
show regulates synaptic structure and protein localiza-screen in Drosophila for genes that control synaptic
tion at the Drosophila NMJ. dpix encodes dPix, a Rho-structure. dpix encodes dPix, a Rho-type guanine
type guanine nucleotide exchange factor (GEF) homolo-nucleotide exchange factor (RtGEF) homologous to
gous to mammalian Pix.mammalian Pix. Here we show that dPix plays a major
In mammals, the Pix family contains two members:role in regulating postsynaptic structure and protein
Pix (Cool-2) and Pix (Cool-1) (Bagrodia et al., 1998;localization at the Drosophila glutamatergic neuro-
Manser et al., 1998). Pix has an SH3 domain, a DBL-muscular junction. dpix mutations lead to decreased
homology GEF domain, and a pleckstrin homology do-synaptic levels of the PDZ protein Dlg, the cell adhe-
main. In Drosophila, we find that dPix is localized to thesion molecule Fas II, and the glutamate receptor sub-
PSD and that dpix mutations lead to the loss of synapticunit GluRIIA, and to a complete reduction of the serine/
dPak. Paks are a family of Cdc42/Rac1-activated serine/threonine kinase Pak and the subsynaptic reticulum.
threonine kinases important in regulating actin-con-The electrophysiology of these mutant synapses is
taining structures (Bagrodia and Cerione, 1999). In thenearly normal. Many, but not all, dpix defects are medi-
fly NMJ, dPak is localized to the PSD (Sone et al., 2000;ated through dPak, a member of the family of Cdc42/
Wan et al., 2000). In mammals, Pak is recruited to focalRac1-activated kinases. Thus, a Rho-type GEF and
complexes in a Cdc42-, Rac1-, and Pix- dependent man-Rho-type effector kinase regulate postsynaptic structure.
ner (Manser et al., 1997, 1998).
In addition to the absence of dPak at the synapse,Introduction
dpix mutations lead to the decrease in synaptic levels
of the PDZ protein Discs-large (Dlg), the cell adhesionThe synapse is a highly specialized structure composed
molecule Fasciclin II (Fas II), the glutamate receptorof a presynaptic terminal and a postsynaptic region.
(GluR) subunit GluRIIA, and to elimination of the sub-Both sides contain specific molecules that are involved
synaptic reticulum (SSR). In Drosophila, the PSD-95 ho-in the regulation and plasticity of synaptic transmission.
molog Dlg has been shown to be directly responsibleElectron micrographs reveal a dense thickening below
for the clustering of the Shaker potassium channel andthe postsynaptic membrane, called the postsynaptic
to partially control the clustering of the cell adhesiondensity (PSD). The PSD contains a variety of neurotrans-
molecule Fas II to the NMJ (Tejedor et al., 1997; Zito etmitter receptors, linker proteins, signal transduction
al., 1997). Many, but not all, dpix defects are mediatedproteins, cytoskeletal elements, cell adhesion mole-
through dPak. Thus, the data suggest a pathway forcules, ion channels, enzymes, and other regulatory com-
synaptic clustering from dPix to dPak to Dlg to Shakerponents (reviewed by Sheng, 2001).
and to Fas II.Less is known about the signaling pathways that con-
trol the assembly and stabilization of these components.
While biochemical approaches have been extremely Results
successful in the identification of PSD components,
such approaches often rely on the direct and stable Isolation and Cloning of dpix Alleles
To identify proteins involved in synapse formation, main-interaction between proteins. Genetic screens offer a
complementary approach toward identifying molecules tenance, and growth, we undertook a large-scale ge-
netic screen in fly larvae. We used flies that expressedbased on their function, and have the potential to reveal
key regulatory components that are upstream of the the CD8-GFP-Sh chimera (Zito et al., 1999), which is
targeted to the PSD via interaction of the Shaker cyto-clustered protein complexes. We turned to the neuro-
muscular junction (NMJ) of Drosophila for such a genetic plasmic tail with Dlg (Zito et al., 1997). When the chimera
was expressed in larval muscles using the myosin heavyanalysis. The Drosophila NMJ is a glutamatergic syn-
apse composed of boutons similar in many respects to chain (MHC) promoter, it enabled visualization of mus-
cles and NMJs in whole-mount larvae. This visualization
avoided the need to dissect and stain with antibodies a1 Correspondence: goodman@uclink4.berkeley.edu
large number of larvae and enabled a large-scale screen.2 Present address: Renovis, Inc., 270 Littlefield Avenue, South San
Francisco, California 94080. We completed an EMS screen of 3000 lines on the
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Figure 2. Cloning of dpix
(A) The genomic region of dpix (dpix  rtGEF, CG10043). Df(2)PJ17
deletes spire and D-la, whereas Df(2)PJ19 deletes also dpix. Only
Df(2)PJ19 fails to complement the dpix alleles. Also shown are the
P element used to generate these two deficiencies (P8), the P ele-
ment used to generate the allele dpixp1036 - EP(2)401, and the position
of the dpix allele dpixp1036.
(B) The domain structure of dPix is shown, along with the point
mutation found in dpix2 - a change from G to A resulting in a missense
mutation of Gly to Arg in position 265 of the protein. We did not
detect any genetic lesions in the coding region and short introns
(introns 2–4 and 6) of dpix1 and dpix3. PH, pleckstrin homology
domain. ppp, a proline rich region.
fer to the Drosophila protein as dPix). Pix was initially
Figure 1. The Synaptic Levels of CD8-GFP-Sh and Dlg Are Reduced identified as a protein, which binds Pak through its SH3in dpix Mutants
domain (Bagrodia et al., 1998; Manser et al., 1998).
The third instar larvae of either wild-type flies (A and C) or dpix1 (B
We used genetic and immunocytochemical approachesand D) genotypes were dissected and stained for Dlg. Both geno-
and cloned dpix based on three major lines of evidence.types express two copies of the chimera CD8-GFP-Sh. The synaptic
First, we used two small deficiencies, which removedlevels of the CD8-GFP-Sh chimera (A and B) and of Dlg (C and D)
are clearly reduced in dpix mutants. Insets in (C) and in (D) show a either two genes (spire and D-la) or three genes (spire,
higher magnification image of Dlg in wild-type and dpix boutons D-la, and dpix) (see Experimental Procedures and Figure
respectively. The intensity of staining in the dpix bouton was artifi- 2). Only the deficiency that removed dpix (Df(2)PJ19)
cially increased. (E and F) Whole-mount first instar larvae of wild-
failed to complement our EMS alleles, and this sug-type (E) or pix1 (F) genotypes. Impaired clustering of the chimera is
gested that these alleles were mutated in the dpix gene.already evident at this stage.
Second, we mobilized a P element into the first intron
of the gene (Figure 2) and generated an independent
mutation in dpix. This allele, dpixp1036, had the same phe-second chromosome. Three mutant alleles in one gene
identified in the screen, dpix, caused a reduction in ex- notype as the EMS alleles and failed to complement
them. When the P element was precisely excised, thepression of the CD8-GFP-Sh chimera so that its levels
at the PSD were reduced by 79%  2.7% (n  10; phenotype reverted to wild-type. Third, protein expres-
sion of dPix was eliminated in dpixp1036 mutants and inFigures 1A and 1B). This was the only gene on the sec-
ond chromosome that we identified with this phenotype. synapses of the EMS alleles (Figure 3). The EMS alleles
were viable over deficiencies that uncovered the regionSince the CD8-GFP-Sh chimera is targeted to the syn-
apse via interactions with Dlg, we looked at the cluster- (data not shown). dpixp1036 was semilethal over Df(2)PJ19
(data not shown).ing of Dlg at the synapse. The levels of Dlg in dpix
mutants were lowered by 74%  6.6% (n  10; Figures
1C and 1D). The pattern of Dlg localization to periactive Protein Expression of dPix
We prepared an antibody to be used against the SH3zones (Sone et al., 2000) was also disrupted (insets in
Figures 1C and 1D), which suggested that dPix not only domain of dPix. In accordance with the RNA expression
pattern (Werner and Manseau, 1997), dPix is maternallycontrols the levels of postsynaptic Dlg, but also, to some
extent, its targeting. We isolated three alleles of this contributed and, during early embryonic development,
is distributed more or less ubiquitously. In late stage 16gene, dpix1,2,3, which we subsequently showed to be
mutations in a Rho-type GEF — rtGEF (Werner and embryos dPix was localized to muscle attachment sites,
with the highest levels in attachment sites of the ventralManseau, 1997). RtGEF is most homologous to the ver-
tebrate protein Pix (throughout this manuscript we re- muscles (Figure 3A). dPix was also concentrated in the
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in embryos; however, in larvae, the protein was missing
from the synapse (Figures 3E and 3F). Protein expres-
sion in other tissues appeared to be intact (data not
shown). In contrast, in late stage 16 embryos of dpixp1036
(Figure 3B), the protein was undetectable, although at
early stage 17 embryos, faint staining in muscle attach-
ment sites could be discerned (data not shown). In lar-
vae, the protein was absent from the NMJ, similar to
the EMS alleles (data not shown). In all of the following
experiments we could not detect any differences at the
NMJ between the EMS and the P element-induced al-
leles. We therefore used the term, “dpix mutant”, in
the text, and specified the alleles shown in the figure
legends. Since dPix was expressed in significant levels
in the CNS and in the axon scaffold, we looked to see
whether there were any CNS phenotypes in dpixp1036. We
could not detect any defects when CNS markers ID4
and BP102 were used (data not shown; Patel, 1994).
dPix Regulates Several Postsynaptic Markers
Given the strong expression of dPix at the NMJ, we
examined more directly the phenotype of dpix mutants
at the synapse. We stained dpix mutants with various
other synaptic markers, namely Synaptotagmin (Syt),
which is a synaptic vesicle protein labeling both type I
and type II synapses (Littleton et al., 1993). In dpix mu-
tants, Syt staining intensity is equivalent to wild-type
synapses, and both type I and II synapses were present
(Figures 4A and 4B). However, the boutons in dpix mu-Figure 3. Localization of dPix in Embryos and in Larvae
tants seemed to be less defined than wild-type, as seen(A) dPix staining in a late stage 16 wild-type embryo. Strong staining
when stained with Dlg (Figure 1D). Other presynapticis seen in muscle attachment sites (arrow), as well as in the axonal
scaffold of the CNS (CNS). markers, such as Dap160 (Roos and Kelly, 1998) and
(B) Stage 16 dpixp1036 embryos stained for dPix. The staining is unde- Sif (Sone et al., 1997), were also localized correctly (data
tectable at this stage. not shown). We wanted to see whether the expression
(C and D) dPix staining in third instar wild-type larvae. The synapse
of other postsynaptic markers in addition to Dlg wereon muscle 4 is shown stained with anti-dPix (C) or anti-dPak (D).
also effected in dpix mutants. Fas II had previously beenInset in (C) shows double staining with anti-dPix (green) and anti-
shown to interact with Dlg (Thomas et al., 1997; Zito etsynaptotagmin (red). Inset in (D) shows the overlay of anti-dPix and
anti-dPak staining. al., 1997); still, levels of Fas II were reduced by only
(E) dPix staining in a dpixp1/Df(2)PJ19 larva. The staining is com- 19.8%  4.4% (n  16) in synapses of dpix mutants
pletely eliminated. (Figures 4C and 4D).
(F) The same synapse as in (E) is costained with anti-synaptotagmin.
Another prominent postsynaptic protein is the GluR.Note the abnormal looking morphology of the synapse.
The Drosophila NMJ contains at least two major types
of ionotropic GluRs, GluRIIA and GluRIIB (Schuster et
al., 1991; Petersen et al., 1997). We used an antibodyaxon scaffold of the ventral midline and was uniformly
distributed at lower levels throughout the CNS (Figure directed against GluRIIA (Saitoe et al., 1997). Similar to
Dlg and the CD8-GFP-Sh chimera, the levels of GluRIIA3A). In larval stages, dPix was expressed in muscles,
the brain, the motorneurons (at low levels), and in the were reduced by 92%  3% (n  14), although low
levels of receptor could still be seen (Figures 4E andimaginal discs (data not shown).
Most significant, however, was the concentration of 4F). In contrast to Dlg (Figure 5H), the localization pattern
of the receptor was normal (insets in Figures 4E anddPix at the larval NMJ (Figure 3C). Here it was expressed
in subsynaptic patches reminiscent of the localization 4F). We did not have antibodies against GluRIIB. Instead,
we looked at the localization pattern of myc-taggedpattern of the GluR and of dPak. GluRII and dPak coloca-
lized in subsynaptic patches opposite of active zones GluRIIB that was expressed using the MHC promoter
(Petersen et al., 1997). Unlike GluRIIA, synaptic levels(Wan et al., 2000; Sone et al., 2000). In order to see
whether dPix would also colocalize with dPak and of the GluRIIB transgene were similar in dpix and wild-
type larvae (Figures 4G and 4H). This was in contrast toGluRII, we double labeled larval NMJs for dPix and dPak.
Indeed, dPix colocalized with dPak and, hence, GluRII the CD8-GFP-Sh chimera, which was also transgenically
expressed by the same MHC promoter and was reduced(Figure 3D and inset). In contrast, dPix did not colocalize
with the presynaptic protein synaptotagmin (Figure 3C in dpix synapses (Figure 1). Similar to GluRIIA, GluRIIB
was still localized opposite active zones in dpix mutants,inset). This indicated that dPix is mainly postsynaptic.
Next, we looked at the protein expression pattern and and targeting of the transgene did not seem to be af-
fected. We concluded that the localization and levelslevels of dPix in the dpix mutants. In the EMS alleles,
there was no discernable change in protein expression of GluRIIB seemed to be normal, although it was still
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Figure 5. Synaptic Localization of Dlg is Decreased in dpak Mutants
Different allelic combinations of dpak and dpix mutants were stained
with anti-Pak (A, C, E, and G) and anti-Dlg (B, D, F, and H). (A and
B) dpak11/dpak4. (C and D) dpak11/dpak6. (E and F) dpak11/dpak7. (G
and H) dpixp1036/Df(2)PJ19. In dpak mutants, the synaptic morphol-
ogy looks normal even when Dlg levels are reduced, in contrast to
dpix mutants.
possible that endogenous levels of GluRIIB were some-
what reduced. The overall morphology of the synapse
in dpix mutants seemed more compromised whenFigure 4. Expression of Pre- and Postsynaptic Markers in dpix Mu-
stained for Syt and Dlg rather than for GluRIIB. Thistants
probably stems from the fact that Dlg and Syt have aWild-type (A, C, E, G, and I) or dpixp1036/Df(2)PJ19 (B, D, F, H, and
more diffuse pattern of staining than GluRII and there-J) larvae were dissected and stained for synaptotagmin (A and B),
Fas II (C and D), GluRIIA (E and F), myc-tagged GluRIIB (G and H), fore give a better view of synaptic structure.
or dPak (I and J). (G and H) Wild-type (G) or dpix1 (H) flies expressing As shown in Figure 3, dPix colocalized with dPak. In
myc-tagged GluRIIB and stained with anti-myc. Insets in (E) and (F), mammals, Pix serves to localize Pak to focal complexes
higher magnification of GluRIIA in a single bouton. The inset in (F),
(Manser et al., 1998). Therefore, we examined dPak lo-the strength of the signal was artificially increased by changing the
calization in dpix mutants. dPak was completely absentconfocal microscope settings.
from the synapses of all dpix alleles (Figures 4I and
4J) demonstrating that dPix was necessary for dPak
localization at the NMJ.
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One possibility is that Dlg and dPak were not concen- to see whether the SSR was affected as well. As shown
in Figures 6A–6D, the SSR in dpix mutants was almosttrated in the synapse because their level of expression
was reduced in dpix mutants. In order to test this possi- completely absent. This phenotype was seen in all allelic
combinations. In dpix1/dpix2 the presynaptic terminalbility, we performed Western blot analysis on dpix and
wild-type larval muscle protein preparations. The ex- looked normal, with the characteristic active zones, T
bars, and synaptic vesicles. However, when dpix1 (Figurepression levels of Dlg and dPak were normal in muscles
of dpix1 larvae (data not shown); thus their elimination 6C) or dpixp1036 (Figure 6D) were crossed to the deficiency
Df(2)PJ19, there were presynaptic defects. In these ge-from the synapse was not due to reduced expression
levels. notypes, the synaptic vesicle size was not homogenous,
with numerous larger vesicular structures in the terminal.To conclude, dPix was important for the targeting or
synaptic stabilization of at least three major synaptic Still, these terminals contained T bars with docked ves-
icles.proteins: dPak, Dlg, and GluRIIA. To a lesser extent,
dPix was also important for the synaptic stabilization of We examined six different boutons of the genotype
dpixp1036/Df(2)PJ19 and compared them with eighteenFas II. Since the dpix mutation eliminated dPak from the
synapse, and since Pak is a downstream target of the boutons of wild-type larvae. The only parameter that
differed between dpix and wild-type was the number ofRac/Cdc42 pathway, which includes Pix, we reasoned
that the elimination of dPak from the synapse may be T bars per active zone (0.87 0.09 in mutants compared
to 0.61 0.03 in wild-type, p 0.001). Other parameters,responsible for the inefficient clustering of Dlg. Thus,
we stained dpak mutants with antibodies for Dlg and such as surface area per active zone and surface area
per T bar were not statistically different. However, wedPix. We used several combinations of dpak alleles.
dpak11 is a protein null, and dpak6 has a stop codon at did notice that the boutons looked flatter than in wild-
type.position 113; however, in our hands there was still some
synaptic expression in this allele. dpak4 had a missense We also looked at the ultrastructure of several allelic
combinations of dpak mutants. The ultrastructure of themutation in the Dock binding domain, and dPak protein
levels were normal. Finally, dpak7 was not characterized synapse in dpak11/dpak4 larvae was normal (data not
shown). The SSR of dpak11/dpak6 larvae was reduced inmolecularly, but behaved genetically as a null allele
(Hing et al., 1999). In all allelic combinations of dpak size to an intermediate level between that of wild-type
and dpix mutants. Finally, in dpak11/dpak7 mutants, themutants, dPix levels and localization were normal (data
not shown). In the allelic combination dpak11/dpak4, Dlg SSR was reduced almost to the same extent as seen in
dpix mutants (Figures 6E and 6F). In this allelic combina-levels at the synapse were also normal. However, in
dpak11/dpak6, Dlg levels were already somewhat lower tion, the levels of Dlg were also reduced to similar levels
as in dpix mutants. We did not see any presynapticthan wild-type (reduction of 57%  11%, n  10), and
dPak levels were reduced by 66%  1.5% (n  10). In defects in dpak mutant larvae.
Since the SSR is missing in dpix and dpak mutants,dpak11/dpak7, Dlg levels were reduced to the same ex-
tent as in dpix mutants (75%  11%, n  10; Figure it is possible that the reduced levels of CD8-GFP-Sh,
Dlg, Fas II, and GluRIIA at the synapse result not from5A–F), and dPak was absent. Fas II levels were also
reduced to the same extent as in dpix mutants (a reduc- targeting or stabilizing defects, but rather from the lack
of SSR. In late stage embryos and first instar larvae, thetion of 19.3%  4.4%, n  14). Levels of GluRIIA were
also reduced, although less than levels in dpix mutants SSR has not yet developed (Schuster et al., 1996). Thus,
if the SSR controls the localization of these postsynaptic(reduction of 56%  5%, n  14). These results were
consistent with dPak acting as a downstream effector components, we would expect no difference in their
levels between wild-type and dpix early first instar lar-of dPix. Nevertheless, there were differences between
dpak and dpix mutants. In dpix mutants, the synapse vae. However, when looking at the CD8-GFP-Sh chimera
(Figures 1E and 1F), as well as at Dlg, GluRIIA, and dPaklooked abnormal and irregular; whereas in dpak mu-
tants, even when Dlg levels were lowered, the synapse (data not shown), the dpix phenotype is already fully
evident in early first instar larvae just prior to hatching.looked normal (compare 5F and 5H). Also, in dpak mu-
tants, the muscles were thin and degenerated, and the Given that the area and complexity of the SSR is reduced
by at least 50% due to the absence of Dlg (Lahey et al.,muscle nuclei were mislocalized (data not shown). In
dpix larvae, the muscle activity appeared weaker (as 1994), it is most likely that the SSR defect is a secondary
defect generated by the lack of several postsynapticassessed by larval motility) than in wild-type larvae, but
they were not as affected as in dpak mutants, and mus- components regulated by dPix.
cle nuclei were localized normally. It should be noted
that the ultrastructure of dpix and dpak muscles was Electrophysiology of dpix Mutants
completely normal, and muscle differentiation per se We set out to examine synaptic function in dpix mutants
did not seem to be affected. We could not find any (Figure 7). Unexpectedly, the electrophysiological differ-
structural correlate that would explain the weaker mus- ences between mutant and control larvae were relatively
cles of dpix larvae. mild. Evoked excitatory junctional potentials (EJPs)
were reduced by up to 18% and a greater variation in
the EJP amplitude per muscle was noticeable compareddpix Mutants Lack the Subsynaptic Reticulum
The muscle membrane at the fly NMJ is folded into a to wild-type larvae. The amplitude of spontaneous min-
iature excitatory junctional potentials (mEJPs) was alsospecialized structure called the SSR. In Dlg mutants the
SSR is reduced in size (Lahey et al., 1994). Since the reduced by 13% – 17% in dpix mutants. The small reduc-
tion in the size of mEJPs can be attributed to the reduc-levels of Dlg are reduced in dpix synapses, we looked
Neuron
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Figure 6. dpix and dpak Mutants Lack SSR
The synapse between muscles 6 and 7 in third
instar larvae was analyzed by EM. Genotypes
analyzed were wild-type (A); dpix1/dpix2 (B);
dpix1/Df(2)PJ19 (C); dpixp1036/Df(2)PJ19 (D);
dpak11/dpak6 (E); and dpak11/dpak7 (F). Arrow
marks, T bar; SSR, subsynaptic reticulum.
Scale bar is 1 m.
tion in GluRIIA levels (Figure 4F) since at the Drosophila or effectors of Ras and Rho-type GTPases, are enriched
at the PSD and bind to PSD-95, including SynGAP (ChenNMJ, GluRIIA levels directly correlate with quantal size
(DiAntonio et al., 1999). The quantal content of dpix et al., 1998; Kim et al., 1998), Citron (Zhang et al., 1999),
and Kalirin (Penzes et al., 2001). GEFs were also impli-mutants differed only slightly from that of wild-type:
30.5  1.4 mV and 35.5  2.6 mV for dpixp1036/Df(2)PJ19 cated in the organization of the synapse; Collybistin
plays a role in the in vitro clustering of glycine and GABA(n  17) and dpix1/Df(2)PJ19 (n  10), respectively com-
pared to 35.0  1.4 for wild-type (n  17). The most receptors (Kins et al., 2000). Kalirin is involved in regulat-
ing the formation and shape of dendritic spines (Penzesdramatic defect was a 40% reduction of mEJP fre-
quency in dpix mutants: 1.54  0.15 Hz for dpixp1036/ et al., 2001).
Rho-type GTPases were also implicated in the in vitroDf(2)PJ19 compared to 2.56  0.13 Hz for wild-type
(Figures 7A and 7B). The strong reduction in mEJP fre- clustering of neurotransmitter receptors, for example,
at the cholinergic NMJ in vertebrates (Weston et al.,quency is likely due to a presynaptic defect.
We examined short-term facilitation in dpix mutant 2000). Rho-type GTPases are known to play a major role
in the regulation of the actin cytoskeleton, and thusbackground. We did not observe significant differences
between wild-type larvae (n  5) and dpixp1036/Df(2)PJ19 they are good candidates to control the PSD. The data
described here show an important role in synapse orga-mutants (n  5).
nization for a Rho-type GEF and a Rho-type effector
kinase, and in so doing, suggest a functional role forDiscussion
Rho-type GTPases in the regulation of postsynaptic
structure and protein localization. However, we do notOur goal was to use genetic analysis to complement
biochemical approaches that have been highly success- yet know which Rho-type GTPase is involved (e.g.,
Cdc42 vs. Rac). Alternatively, it is possible that the local-ful in the identification of PSD components. A genetic
approach might lead to the discovery of regulatory com- ization of the Pix-Pak complex to the synapse is inde-
pendent of small G proteins. There is a precedent forponents that are upstream of the clustered protein com-
plexes discovered by biochemical binding studies. Pak and/or Pix acting independently of Cdc42 and Rac
(Obermeier et al., 1998; Daniels et al., 1999), and so itStarting with such a large-scale forward genetic screen,
we have isolated mutations in a gene encoding a Rho- is possible that small G proteins are not necessary to
localize Pix/Pak to the synapse.type GEF (dPix) that is essential for correct synaptic
structure and assembly of postsynaptic proteins. In dpix
mutant flies, the serine/threonine kinase dPak is not The Specificity of dPix in Controlling Different
Synaptic Componentstargeted to the synapse, the targeting of Dlg is partially
disrupted, and the synaptic levels of Dlg, GluRIIA, and The dpix phenotype is consistent with at least two func-
tions at the postsynaptic compartment: targeting andFas II are reduced (Figures 1, 4, and 5). In addition, the
SSR is almost completely absent (Figure 6). The results stabilization, of postsynaptic components. In dpix mu-
tants, dPak is completely missing from the synapse (Fig-presented here reveal a specific and key in vivo function
for a Rho-type GEF (Pix) and Rho-type effector kinase ure 4). Since Pix is known to directly interact with Pak
in mammals and target it to focal complexes (Manser(Pak) in the regulation of postsynaptic structure.
Previous biochemical studies on mammalian gluta- et al., 1998), our data best fit with the model in which
dPix targets dPak to the synapse via a direct interaction.matergic synapses have shown that several regulators,
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an elaborate SSR has not yet been formed (Schuster et
al., 1996) and so any defect in the localization of synaptic
components cannot be attributed to the absence of
SSR. Second, in vertebrates as well as in flies, the neuro-
transmitter receptors are actually clustered close to the
synaptic cleft rather than in the depth of the secondary
folds or the SSR (Petersen et al., 1997; Sanes and Licht-
man, 1999). Therefore, GluRIIA should not be dramati-
cally affected by the reduction of the SSR. Finally, we
have preliminary evidence that dpix is able to suppress
the phenotype of another mutant isolated in our screen
(our unpublished data). In this mutant, Dlg is clustered
at the synapse but also in extra-synaptic sites, which
would not contain the SSR, indicating that dPix is in-
volved primarily in targeting or stabilizing Dlg, rather
than in formation of the SSR.
dPix Acts Largely through dPak
How does dPix function to stabilize Dlg and GluRIIA?
We show that a major downstream effector of dPix at
the synapse is dPak. In dpak mutants, the levels of Dlg
and GluRIIA at the synapse are reduced (Figure 5), and
the SSR is also disrupted (Figure 6). dPix seems to have
other partners apart from dPak. First, the levels of
GluRIIA at the synapse are more severely affected in
dpix, than in dpak mutants. Second, in dpix mutants,
both synaptic Dlg levels and its localization pattern, are
compromised; whereas, in dpak mutants the localization
pattern of Dlg is unaffected (Figure 5). Finally, the SSR
Figure 7. Electrophysiology of dpix Mutants
is more severely compromised in dpix than in dpak mu-
(A) Representative traces of evoked and spontaneous potentials
tants. Therefore, whereas dPak is the major effector offrom pixp1036/Df(2)PJ19 and wild-type backgrounds. The upper two
dPix in stabilizing Dlg and GluRIIA at the synapse, itpanels show an average of ten consecutive EJPs (at 0.5 Hz) for each
seems that there are other dPix binding partners thatgenotype. The lower two panels show continuous recordings of
mEJPs in the absence of stimulation. Calibration: 5 mV/40 ms also affect Dlg targeting and/or clustering, as well as
evoked; 5 mV/400 ms spontaneous. SSR formation.
(B) Bar graphs are graphic representations of mean values for mEJP One way in which Pak could control the stabilization
amplitude, EJP amplitude, Quantal content, and mEJP frequency
of postsynaptic components is by controlling the actinamong the indicated backgrounds. Where there is a statistically
cytoskeleton. Pak is known to regulate actin dynamicssignificant difference between wild-type and dpix, the p value is
(Bagrodia and Cerione, 1999). The actin cytoskeleton isindicated.
important for the localization of various synaptic compo-
nents, including the AChR (Dai et al., 2000), GluRs (Alli-
son et al., 1998; Hirai, 2000), the GlyR associated proteinFurthermore, overexpressing either dPak or a mem-
gephyrin (Kirsch and Betz, 1995), and CaMKII (Allisonbrane-tethered gain-of-function form of dPak (Hing et
et al., 1998).al., 1999) does not result in any accumulation of dPak
Pak is known to be an effector of Rac and Cdc42at the synapse (our unpublished data). Still, it is possible
(Bagrodia and Cerione, 1999), and mammalian Pix hasthat dPak is targeted to the synapse via a different mech-
been shown to activate Rac (Manser et al., 1998). Weanism and fails to stabilize in dpix mutants.
therefore examined whether cdc42 mutants (Fehon etIn contrast to dPak, Dlg and GluRIIA are not com-
al., 1997) or dRac1 dominant-negative or constitutivelypletely eliminated from the synapse in dpix mutants (Fig-
active transgenes (Luo et al., 1994) have any effect onures 1 and 4), but rather, their levels are reduced. In the
the localization of postsynaptic proteins. We could notcase of Dlg, its localization pattern is also disrupted,
detect any postsynaptic defects either in synaptic pro-indicating that dPix controls the postsynaptic targeting
tein levels or in SSR structure in these flies (our unpub-of Dlg at least to some extent, as well as its stabilization
lished data). All of the G protein alleles or transgenicat the synapse. The localization pattern of GluRIIA (in
flies used were hypomorphs. It is possible that we didsubsynaptic domains opposite active zones) is intact.
not observe a phenotype because only a limited numberThus, dPix is not necessary for the synaptic targeting
of reagents were available, and none of those that sur-of GluRIIA per se, but rather, it is important for mainte-
vived to larval stage represented the complete loss-of-nance of its levels and/or stabilization.
function condition.dPix could actively control the stabilization of Dlg and
GluRIIA (presumably through dPak) or indirectly through
the loss of the SSR. We do not favor the latter explana- Pre- and Postsynaptic Functions of dPix
The localization of dPix, as assessed by antibody stain-tion for several reasons. First, the dpix phenotype is
already evident in early first instar larvae (Figure 1) when ing, was mainly postsynaptic although motorneurons
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were stained at lower levels. Moreover, there were nents, as well as the integrity of the periactive zone are
affected, possibly leading to the disruption of variousclearly presynaptic defects in dpix mutants, including
structural (Figure 6) and electrophysiological defects signaling cascades.
Another possible function for the fly SSR is that it(Figure 7). It seems likely that dPix was localized both
pre- and postsynaptically, much like Dlg (Budnik et al., functions as a regional endoplasmic reticulum (ER). In
vertebrate muscles, only the nucleus that is close to the1996) and Fas II (Schuster et al., 1996). On the postsyn-
aptic side, dPix was localized to active zones, along synapse is active in transcribing mRNAs of synaptic
proteins. The nuclei in fly muscles have no such special-with dPak and GluRII (Figure 3). Its absence, however,
affected both active zone components (i.e., dPak and ization. The SSR could thus serve as a specialized region
for the production of synaptic components. Indeed theGluRIIA) and periactive zone components as defined by
Sone et al., (1997) such as Dlg. Another periactive zone SSR has been shown to be a site of translation of GluRIIA
(Sigrist et al., 2000). The notion of a nonclassical ER likecomponent, Fas II, was not as affected by the absence
of dPix. This is not a surprising result, however, since function for the SSR is supported also from vertebrate
studies. In rat spinal cord, there are specialized RER-our lab (Zito et al., 1997) and others (Sone et al., 1997)
have shown that in the absence of Dlg, a large proportion like cisternae in dendritic spines (Gardiol et al., 1999). In
this way, it could be that the relatively simple junctional-of Fas II is still correctly localized to the synapse. In
dpix mutants, Dlg is reduced by approximately 80%, folds of vertebrates are expanded in the fly SSR to serve
a second function for local protein synthesis that inbut it is not completely absent from the synapse, so the
effect on Fas II is expected to be even less pronounced. vertebrates is handled by localized nuclei on the post-
synaptic side of the NMJ.How may dPix affect periactive zones? The most likely
explanation at the moment is that dPix localizes dPak
to postsynaptic active zones and that the periactive Experimental Procedures
zones are then constructed by a cytoskeletal meshwork
that emanates around these active zones. At the presyn- EMS Screen
To screen the second chromosome, we used flies expressing theaptic terminal, dPix seems to act via a different cascade.
CD8-GFP-Sh-1A on the second chromosome (w;1A). Male flies wereFirst, dPak is not concentrated at the presynaptic termi-
treated with 15 mM EMS using standard methods and then crossednal. Second, dPix does not affect presynaptic Dlg, since
en mass to yw;Sco/CyO,y females. F2 third instar larvae of the
we do not see the electrophysiological defects associ- genotype yw;1A/1A were picked, killed by a brief heat shock (10 s,
ated with the absence of presynaptic Dlg (Budnik et al., 60C), mounted on slides in 70% glycerol, and screened using both
1996). epifluorescence and confocal imaging (Zeiss). Larvae were fed blue
instant Drosophila medium (Equation 4-24, Carolina Biological Sup-
ply Company) in order to minimize autofluorescence of the gut.Subsynaptic Reticulum Formation and Function
Three thousand lines were screened in five independent EMS treat-
The SSR may be viewed as analogous to the junctional- ment rounds.
folds at the vertebrate NMJ. What may be the function
of the SSR in flies or the junctional-folds in vertebrates?
Cloning dpixThe main postsynaptic electrophysiological defects that
The dpix alleles were mapped to the interval between black (34D)we found in dpix mutants are 15% reduction in both
and curved (52D) by recombination mapping. We narrowed the re-
mEJPs and EJPs. The reduction in mEJPs was most gion to 38C1-10 by crossing to several large deficiencies in that
likely due to the reduction in the levels of GluRIIA. How- area. We then used two small deficiencies, Df(2)PJ17 and Df(2)PJ19
ever, in GluRIIA nulls there was no decrease in EJP (Bai and Tolias, 2000) that had been generated through mobilization
of the P element, fs(2)P8, which is located at the 5	 region of theamplitude due to a retrograde signal regulating presyn-
spire gene (Figure 2). Df(2)PJ17 begins with fs(2)P8, deletes spire,aptic transmitter release (Petersen et al., 1997). As a
and breaks at the fourth amino acid of D-la, disrupting this gene asresult, in GluRIIA nulls there was a large increase in
well. Df(2)PJ19 begins at the same place and deletes both spire
quantal content, whereas in dpix mutants, quantal con- and D-la; however, its proximal break point was unknown. This
tent remained unchanged. Although the changes in genomic region is represented on the P1 clone AC002503. Df(2)PJ17
mEJP and EJP amplitudes were relatively small, this breaks at position 44,006 on this P1. We used a series of primers
downstream of this position in combination with primer PBRI (at thedata could be interpreted to mean that in dpix mutants
5	-end of fs(2)P8, facing proximally) in order to clone the proximalthe retrograde signal was compromised. We are cur-
breakpoint of Df(2)PJ19. Primer RTGEF54R at position 59,460 ofrently investigating this possibility further by looking at
AC002503 gave a PCR product of0.9 kb in combination with PBRI.
dpix and DGluRIIA double mutants. How could the retro- Sequencing of the band revealed that Df(2)PJ19 breaks at the very
grade signal be disrupted? In vertebrates, there is a end of the dpix coding sequence, 5 bp after the stop codon in the
spatial segregation of synaptic components due to the eighth and last exon (position 58,595 in AC002503). Thus, Df(2)PJ17
deletes spire and D-la, whereas Df(2)PJ19 removes spire, D-la, andexistence of junctional-folds (Sanes and Lichtman, 1999;
dpix. Df(2)PJ17 complements our mutant, whereas Df(2)PJ19 failsTrinidad et al., 2000). In the fly there is no extensive
to complement, proving that the inefficient clustering of the CD8-evidence for segregated localization of postsynaptic
GFP-Sh chimera is caused by mutations in dpix.
components in different regions of the SSR. However,
as mentioned above, Dlg is more widely distributed than
Mapping of the Breakpoint of Df(2)PJ19the GluRII receptor. This segregation of synaptic com-
To map the breakpoint of Df(2)PJ19, we prepared DNA from adultponents could potentially be important for the segrega-
flies according to protocols published by the Berkeley Drosophilation of different signaling cascades that are important
Genome Project (BDGP). The DNA was digested with Not I and used
for the generation of the retrograde signal, and presum- for PCR. We used the PBRI primer (5	-GAATTCATACTTCGGTAAG
ably for other, as yet unidentified, synaptic functions. In CTTCGGCTATCGACG) at the 5	-end of fs(2)P8 in combination with
RTGEF54R (5	-GGGATCCGGAGTGGTTCTG).dpix mutants, both the levels of various synaptic compo-
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P Element Hops the CD8-GFP-Sh flies prior to publication. We thank Larry Zipursky
for the dpak flies and anti-dPak antibodies; Kai Zinn, Hugo Bellen,The dpix allele dpixp1036 was generated using the local P-hop strategy
(Tower et al., 1993). We started with the EP line EP(2)401, which is Masaki Sone, and Regis Kelly for antibodies; and Peter Tolias and
Liquon Luo for fly stocks. This research was supported by NIHa viable insert in the 5	 region of the putative gene CG16798 (position
76,418 in the P1 clone AC002503). This P element is positioned 32 grant #MH60711 to Ehud Isacoff and C.S.G., Muscular Dystrophy
Association grant #013426 to D.P., and the NSERC Fellowship ofkb downstream of the 5	 untranslated region and 17 kb from the 3	
untranslated region of rtGEF/dpix (CG10043). We screened three Canada to A.P.H. D.P. and A.P.H. are postdoctoral fellows, S.W.K.
is an undergraduate, R.D.F. is a Senior Research Associate, andhundred individual P-hop lines for complementation of dpix1 as de-
scribed above for the EMS screen and recovered three hops, which C.S.G. was an investigator with the Howard Hughes Medical In-
stitute.failed to complement dpix1. Two of these hops, dpixp1036 and dpixP59,
mapped to the same position in the 5	 part of intron 1 (position
46,089 of AC002503). The lines were mapped by PCR using the Received February 7, 2001; revised June 27, 2001
following primers: for the P element we used PRY2 (5	-CTT
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